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Abstract

The distorted-wave Born approximation model is recognised as state-of-the-art in
predicting acoustic target strength (TS) from fluid-like marine organisms. A stochastic
version, the so-called SDWBA model, is endorsed by CCAMLR to predict the TS of
Antarctic krill (Euphausia superba) for use in the acoustic echo-integration method.
In this study, the SDWBA TS pattern and frequency response behaviours at standard
survey frequencies and animal lengths are explored via a sensitivity analysis of some
important parameters: number of stochastic realisations, the fatness factor, the material
contrasts between the organism and the surrounding seawater and the distribution of
animal orientations. Due to the high variability of TS to realistic changes in parameters,
it is important that the model should be parameterised according to the potential seasonal
variability of krill in the area of investigation. In a multifrequency context, the girth—length
relationship for the body shape parameterisation can give a high source of uncertainty, and
there is an urgent need for development of accurate and standard procedures to measure
both the material property contrasts and the orientation at the time and location of the
actual survey. Moreover, a number of incongruities within the CCAMLR SDWBA model
package are identified and proposed solutions implemented in an improved package.

Keywords: Antarctic krill, multifrequency acoustics, target strength, SDWBA model,
frequency response, CCAMLR

Introduction

Although zooplankton are small organisms
and their echoes weak, they are discernible scat-
terers of sound within specific frequency ranges.
Acoustic estimates of zooplankton abundance can
be made rigorously if the scattering as a function
of size and frequency for an individual (i.e. target
strength (TS)) is known. TS of an aquatic organ-
ism can either be measured directly (in situ or ex
situ) or modelled (Foote, 1991). In the case of
zooplankton, due to the complexity of the scatter-
ing processes, the acoustical estimates rely on the
best aspects of both approaches. In recent decades,
large efforts have been undertaken to improve theo-
retical scattering models for zooplankton organ-
isms (e.g. Stanton et al., 1993, 1998a; Demer and
Martin, 1995; McGehee et al., 1998; Stanton and
Chu, 2000; Lavery et al., 2002; Demer and Conti,
2003). The scattering from an object is given by

its form, size and acoustical impedance contrast.
The latter depends on the difference in density and
sound speed between the object and the surround-
ing medium. For weak scatterers with complex
shapes, such as zooplankton, problems in prediction
may arise from uncertainties and inter-dependence
connected to these parameters. Exact solutions
can be achieved with analytical restrictions but
at the cost of a limited range of applicability and
high complexity in the implementation. Therefore,
either numerical or empirical approximate models
have been preferred, especially for euphausiids
(e.g. Kristensen and Dalen, 1986; Cochrane et al.,
1991; Stanton et al., 1993, 1996, 1998b; Martin et
al., 1996; Demer and Conti, 2005; Lawson et al.,
2008).

In the early 1990s, a theoretical approach
based on the distorted-wave Born approximation

(DWBA) was adapted to predict the acoustical
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scattering from an elongated fluid-like organism
such as krill (Stanton et al., 1993; Chu et al.,
1993). The approach explicitly takes into consid-
eration another fundamental parameter of the scat-
tering process: the orientation. At present, among
the physics-based models the DWBA model is
recognised as state-of-the-art in predicting TS
from fluid-like zooplankton (Stanton and Chu,
2000; Demer and Conti, 2005). The model calcu-
lates the coherent summation of scattering from
discrete cylinders of varying radius that represent
the animal body shape when juxtaposed. Hence,
numerical parameters describing the actual shape
of the organism have to be introduced in the model
as basic parameters. One approach is to describe
the animal’s body by digitising the main morpho-
logical structures in two dimensions. McGehee
et al. (1998) proposed a generic Antarctic krill
(Euphausia superba) shape obtained by digitising
a specimen based on an image shot with the ani-
mal projected in lateral aspect. The authors found a
good fit between the TS predicted from the DWBA
model and the directly measured TS at 120 kHz.
In a further development of the DWBA with that
shape parameterisation, Demer and Conti (2003)
introduced a stochastic version (SDWBA) which
takes into account the stochastic nature of the krill
scattering process due to the along-axis deforma-
tion and changes in animal body curvature during
swimming. With a successive improvement (Conti
and Demer, 2006) the SDWBA parameterisation
was then ensured for general utility, taking explic-
itly into account the effects of the interdependence
of the model parameters.

This improved SDWBA model has been
endorsed by CCAMLR as the ‘Antarctic krill TS
model’ (SC-CAMLR, 2005), and a package of
Matlab scripts titled SDWBApackage20050603
was distributed by the US representatives to
CCAMLR Members to be employed as the stand-
ard tool for E. superba biomass estimation.

Since E. superba is recognised as the key
organism in the Southern Ocean, an evaluation
of the SDWBA model in its implemented form
was warranted. Firstly, the implementation of
the SDWBApackage20050603 was explored in
detail and a number of incongruities, both in set-
ting and implementing processes, were identified.
Consequently, solutions to be implemented in a
more correct package were proposed and verified.
This addressed to evaluate the performance of the
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SDWBA model by testing the sensitivity of some
of its fundamental parameters. The aim of this
paper is to illustrate the main features observed
during the investigation and to draw the attention
of SDWBA model users to the potential uncertainty
associated with specific parameters. Thereafter,
the package with proposed solutions is denoted
as SDWBApackage2010 to differentiate from the
SDWBApackage20050603. Both the packages and
the proposed solutions are described in detail in
Appendix 1 for interested CCAMLR users.

Theory

Morse and Ingard (1968, equation 8.1.20,
page 413) introduced a general DWBA formula-
tion that accurately describes the acoustic scatter-
ing by weakly scattering bodies with arbitrary size,
shape, orientation and material properties close to
those of the surrounding medium. The formulation
is complicated because it involves an evaluation of
the backscattering amplitude expressed by a three-
dimensional integral within the volume of the body.
Stanton et al. (1993) and Chu et al. (1993) proposed
an alternative approach that was easier to calculate
but still accurate given certain assumptions. This
was explicitly presented in Stanton et al. (1998a)
for deformed cylinder shapes. The triple integral
can be numerically replaced by a line integral along
the cylinder axis if the following assumptions are
valid: (i) the animal is elongated and circular in
cross-section at every point along a central curve
running through its body; (ii) the material proper-
ties only vary axially; (iii) the scatterer has material
properties that are close to those of the surrounding
water and negligible elastic properties, i.e. weakly
scattering fluid-like objects. Despite these restric-
tions, the line integral form of the DWBA appears
to be well suited for a wide range of small marine
animals such as euphausiids and copepods (Stanton
and Chu, 2000), shrimps (Stanton et al., 1996,
1998b), salps (Wiebe et al., 2010), selected spe-
cies of pelagic swimbladder-less fish in the post-
larval stage (Miyashita, 2003) and squid (Lavery et
al., 2007). In practice, the formulation involves the
integration of a scattering function along the length
of the body axis accounting at the same time for
the phase shift arising from its deformation due to
the curvature and the variations in cross-sectional
radius. Thus, the integration is solved if numeri-
cal parameters describing the actual shape of the
organism are introduced.



Since it is extremely difficult to generate an
analytical formulation that fully describes the
krill body, two geometrical approaches have been
mostly used to parameterise the organism shape as
input for the DWBA, both based on a discretised-
bent tapered cylinder form: the uniformly bent
cylinder idealisation (e.g. Stanton et al., 1998a)
and the body reconstruction by digitalisation
(e.g. McGehee et al., 1998). In the first case, the
krill body is idealised as a smoothly tapered uni-
formly bent cylinder defined by the krill length and
radius of curvature. The cylinders’ cross-sectional
radius can then be incorporated in the model as a
function of the position along the longitudinal axis
and the length. Actually, the body of a euphausiid
is not entirely uniformly bent. The dorsal line of the
cephalothorax is primarily straight while the abdo-
men is the bent part. However, Lawson et al. (2006)
proposed a reasonable approach to properly infer
the parameters by using in situ observations dur-
ing the survey. The cylinder governing the generic
krill shape is defined by the ratio between length
and cross-sectional radius, and the radius of cur-
vature. The first could be determined from sam-
ples captured by nets, the second on the basis of
observations by video tools. The DWBA with such
body parameterisation has been used to develop an
inversion protocol in a multifrequency context for
estimating the mean length and density of identi-
fied krill aggregations along the Western Antarctic
Peninsula (Lawson et al., 2008).

A more accurate representation of the krill body
can be achieved by discretising the animal’s body
by digitisation of the main morphological struc-
tures in two dimensions (2D). The 2D approach is
validated under the DWBA assumption if the ani-
mal is circular in cross-section at every point along
a central curve. The digitalisation usually involves
deriving the outline of the dorsal and ventral ani-
mal surfaces from an image of a specimen in the
lateral aspect. A centreline can then be generated on
the basis of the digitised points so that for each j-th
discrete body segment the radius a; and the posi-
tion vector Fpos- along this line can be computed
on the basis of dorsal-ventral pair points. The sets
of positions and radii are then designed to reflect
the original shape to be modelled by the DWBA as
a juxtaposition of discrete cylinders. The scattering
form function f,; can be obtained by summing the
components of each digitised body segment j as a
function of the wave incident angle ¢ (i.e. Demer
and Conti, 2003):
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where k,, = 2nflc, is the wave number in the
medium m with the subscripts 1 and 2 refer-
ring to the surrounding medium and to the fluid-
like medium of the zooplankton body respec-

tively, v, = (p2 — p1)/p, with p the mass density,
Y = (91012 / p2c22) — 1 related to the compressibility
«; =1/(p,c?), Ky = k; [sing 0 cos ]" is the inci-

dence wave vector, J | 1s the Bessel function of the
first kind of order 1, B, the local angle of incidence
of the j-th cylinder calculated along the centreline
using a dot product between El and the j-th local
direction of the centreline. The material properties
Y. and v, are allowed to vary inside the fluid-like
volume. As a good approximation, the density and
sound speed contrasts can be held constant over the
modelled krill body, so that the processing is sim-
plified. The definitions of f{¢) and El in equation (1)
differ from the DWBA formulations initially pre-
sented by Stanton et al. (1998a) and McGehee et al.
(1998) implying a different view of the results as
described in Appendix 1.

By using equation (1) and a digitised shape,
McGehee et al. (1998) found a good fit between
DWBA predictions and TS measured at 120 kHz in
a chilled tank on the living digitised krill for dorsal,
ventral and lateral aspects with respect to the trans-
ducer. When the animal orientation was away from
these aspect angles, the predicted scattering was
much lower than the measured (5-20 dB). Demer
and Conti (2003) clarified these deviations taking
into consideration the stochastic nature of TS from
a krill, and incorporated into the model a phase
variability term for each discrete cylinder obtained
from a number of realisations of a Gaussian dis-
tribution. For the uniformly bent cylinder param-
eterisation, a numerical method to account for the
stochastic nature of the scattering process and the
mentioned deviations was already presented by
Stanton et al. (1998a).

The proposed Demer and Conti (2003) probabil-
1stic DWBA model, the so-called Stochastic DWBA
or SDWBA, provides probabilities of TS versus
all angles of orientation under the assumption that
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there is variability in the phases of the contribution
from the scattering elements due to: (i) the stochas-
tic scattering process in a field with noise; (ii) the
actual krill shape being more complex than the jux-
taposed cylinders of varying radius in the model;
(iii) the krill when it swims, because the body
flexes and the separate contributions to the scat-
tering from the exoskeleton segments, the tail, the
antennas, the eyes, as well as its beating pleopods,
increase the stochastic nature of the scattering.

The SDWBA form function for the angle of
incidence ¢ is obtained by summing the compo-
nents f;, calculated for each of the N cylinders with
a different random phase ¢;:

N
Jos @)= (/@) -explio)
= 2)

For each cylinder j along the body, the phase
variability is selected from a Gaussian distribution
centred at 0 with standard deviation sd,. The back-
scattering cross-section oy, is obtained by averag-
ing over multiple realisations of the ensemble of
phase ¢; with fixed standard deviation sd,, and the
TS at a specific angle of incidence ¢ is given by:

T5(¢) =10log;, 5, (9)

:101og10<|ﬁ,s(¢)|2>¢_ (3)

In practice, when the operative frequency, length
L and the krill body shape are given, sd, can be
estimated empirically by comparing the SDWBA
predictions with experimental measurements.

In order to establish the basic parameterisa-
tion of the SDWBA model for E. superba, Demer
and Conti (2003) referred to the empirical data at
120 kHz obtained by McGehee et al. (1998) and the
related DWBA model parameters. For the specific
case of an E. superba with ‘AT’ length (from the
anterior margin of the eyes to the tip of the telson
without the terminal spines) (Morris et al., 1988)
of 38.35 mm, McGehee et al. (1998) used as opti-
mal representation 15 digitised points positioned
along a body centreline with corresponding radii.
This shape representation was then indicated as the
‘generic Antarctic krill shape’. It can be scaled to
simulate other krill sizes. In the CCAMLR system,
the codified Morris et al. (1988) AT length, has been
endorsed as a standard measure for E. superba.
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Demer and Conti (2003) found the best fit by
inferring inter-element phase variability ¢ with
Gaussian distribution centred in 0 and standard
deviation sd% = \/5/ 2 =0.7071 radians over 100
random realisations. Furthermore, Demer and Conti
(2004) estimated that freshly caught animals were
40% fatter than the animals measured by McGehee
et al. (1998) which had been starved for six months,
and claimed that this should be taken into account
in the SDWBA parameterisation.

However, the utility of the SDWBA model using
the generic modelled shape for frequencies higher
than that used during the McGehee et al. (1998)
experiment was not ensured. Conti and Demer
(2006) showed that if the same sd,, is employed
for different frequencies, unrealistic off-axis lobes
in the TS pattern are found. The SDWBA predic-
tion versus frequency is stable if the number of cyl-
inders N is large relative to the ratio of organism
length to the acoustic wavelength. Hence, in order
to ensure general utility of the SDWBA model, the
effects of the interdependence between the para-
meterisation factors have to be explicitly taken into
account. Since the morphometric complexity of
the body causes the frequency-dependence of the
scattering, the results in the frequency domain are
comparable if the product f'sd(f) is kept constant
with reference to the experimental product £y sd,,
In addition, the spatial resolution of the dlgltlsed
body shape has to be constant relative to the acous-
tic wavelength. Hence, the dimensional ratio L/NA,
with L the length of the animal, N the number of cyl-
inders and A the wavelength, should be kept equal
to the reference experimental ratio Lq/Ngh, where
N, is the number of discrete cylinders composing
the reference shape. The SDWBA prediction at fre-
quencies f higher than the reference frequency f,
should therefore be calculated by adjusting N and
sd, according to Conti and Demer (2006):

f L
N(f,L Ny— —
(f,L)= Ofo Iy,
N, L
P N(S) Lo 4)

s.d.o(f,N)=sd

The length ratio in both the equations (4) is used
to scale the digitised shape to an arbitrary length L
of a krill.

Table 1 lists the model parameters grouped by
class relative to their significance for the model with



notations used in the text of this manuscript and in
the SDWBApackage20050603 algorithm and their
default values. The last parameter describes the ori-
entation of individuals within an aggregation. For
a useful quantitative interpretation, the orientation
may be modelled as the angle 6 in degrees with
respect to the horizontal plan. Stanton et al. (1993)
demonstrated that the modelling results based on a
Gaussian distribution of orientations fit to the meas-
ured data when averaging the echoes over a ran-
dom distribution of scatterers like krill. Thus, the
distribution of orientations 0 is typically assumed
as a Gaussian distribution defined by its mean and
standard deviation values (0 = N[0,std0]) in
degrees. Inverting the SDWBA model in a least-
squares sense over volume backscattering strength
measurements at 38 and 120 kHz attributed to krill
and net samples from the CCAMLR-2000 Survey
data in the Scotia Sea (Hewitt et al., 2002), Conti
and Demer (2006) found that the 6, = N[11°,4°]
distribution of orientations gave the best fit to the in
situ acoustic data. This distribution is adopted by the
SDWBApackage20050603 as default. However,
studies on krill orientation, using direct observa-
tions or inversion techniques, indicate a variety of
distributions. The main reported distributions on
different species, conditions and methods are given
in Table 2. The results are highly variable, mostly
because of the different methods of observation
and conditions during the investigations. The main
differences are between the aquarium and the in
situ studies, as well as within the latter group on
the standard deviation between those inferred from
inversions and those directly observed.

Analysis

The performance of the new SDWBApack-
age2010 was evaluated using sensitivity tests of
some parameters with regard to krill length, dis-
crete frequency and fatness factor. The package
was run for five krill AT lengths. In addition to the
default 38.35 mm, three other lengths (26, 48 and
53 mm) were chosen on the basis of the length-
distribution peaks determined within the three clus-
ters of the CCAMLR-2000 Survey (Siegel et al.,
2004) to realistically represent the krill size, while
the length of 32 mm was included as an interme-
diate step. Due to the high computational time,
the three standard survey frequencies 38, 120 and
200 kHz were used. In addition, 70 and 333 kHz
were also used; the first being suggested to be use-
ful in krill studies (SC-CAMLR, 2009, 2010), the
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second because it was utilised during the Norwegian
AKES survey 2008 to the Southern Ocean on board
the RV G.O. Sars (Wiebe et al., 2010).

Krill fatness changes with season, diet and
physiological state. Since the digitised specimens
used by McGehee et al. (1998) had been starved
for several months, it is reasonable to question if
that animal is representative of krill in the wild.
In their validation of the SDWBA model to meas-
urements of the total krill TS based on acoustical
reverberation in a cavity, Demer and Conti (2004)
assumed a 40% increase in fatness of the McGehee
et al. (1998) generic krill shape. Although not pre-
sented explicitly, such an increment was stated to
be more consistent with the measured animals. In
the SDWBA model implementation, the increased
fatness assumption is achieved by an increment of
the girth-to-length ratio, multiplying the radii of
the cylinders representing the reference shape by
a factor of 1.4. Thereafter, the variable ‘fatness’
is used with the meaning of girth. Figure 1 shows
both the modelled SDWBApackage20050603 and
the McGehee et al. (1998) shapes, which are dif-
ferent, as discussed in Appendix 1, with 0 and 40%
increase in fatness. If a fatness factor is applied
to a modelled shape, an associated increase in
body volume is ascribed; this has to be done con-
sidering realistic proportions. The most accred-
ited length-to-volume relationship for E. superba
is the Kils (1979) allometric relationship. For an
individual krill of AT length L in mm, the volume
V in ¢cm? can be estimated by V'=3.67 - 10°L316,
which for the reference length of 38.35 mm gives
a volume of 0.371 c¢cm’. The total volumes of
the SDWBApackage20050603 and the original
McGehee et al. (1998) shapes with increasing fat-
ness are presented in Table 3. It must be noted that
the shapes do not include pleopods, antennas and
some other small body parts. On the other hand,
the Kils relationship was determined by aggregat-
ing E. superba and Meganyctiphanes norvegica
specimens, with most of the animals (112 out of
190 specimens) of the latter species, which slightly
differs in shape from E. superba. However, it seems
clear that the application of 40% increase in fat-
ness is unrealistic for both shapes. The determined
volumes are 0.434 and 0.536 cm?, which are much
higher than the volume estimated by the Kils rela-
tionship. The comparison suggests that the applica-
tion of a fatness coefficient equal to 20 and 15% for
the SDWBApackage20050603 and the McGehee
et al. (1998) shape respectively is more realistic.
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In order to investigate the effect of fatness, the
model package was also run for each of the chosen
lengths with increasing fatness coefficient from 0 to
40% in steps of 10. The first value, which is related
to the McGehee et al. (1998) starved animals, was
considered as the lower limit and the latter, i.e. the
default value for the SDWBApackage20050603, to
represent the upper limit for krill.

In addition, the model was configured with the
different length—fatness combinations and run with
the contrasts g and / determined based on the Chu
and Wiebe (2005) length-dependent relationships:
2=5439%x 10*L+1.002and h =4.981 x 104 L
+ 1.009.

At the end of the multiple runs a database was
established to explore the operational parameters.
As a first step, it was verified whether the default
number of stochastic iterations (100) was appro-
priate. Both SDWBA packages were run with
the number of realisations set to 200, keeping the
remaining parameters at the default (Table 1). For
each angle of incidence, the backscattering cross-
section was averaged over the number of realisa-
tions from 25 to 200 in steps of 25. These back-
scattering patterns and the relative TS predictions
determined using equation (3) were then analysed.

Finally, the interdependence between the mean
and standard deviation of the Gaussian distribu-
tion of orientation was investigated applying the
same averaging calculation as implemented in
the SDWBApackage20050603 and described in
Appendix 1. The predicted o,, patterns were aver-
aged stepping the mean and the standard devia-
tion over ranges of possible values. A particular
focus was made on the association of fatness and
four distributions of orientation of E. superba in
Table 2: the model default N[11°,4°], the Chu et
al. (1993) distribution N[20°,20°], the Conti and
Demer (2006) second choice N [4°, 2°] and the pro-
posed Lawson et al. (2006) distribution N[0°,27°].

Results and discussion
Number of stochastic iterations

For each averaged sigma and TS pattern,
the sample variance (dB) around the mean was
determined to explore how the number of itera-
tions affected the variability of the results in both
the packages. Figure 2 shows the predicted TS
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variance at 120 kHz when varying the number
of stochastic realisations. Although the calcula-
tion is an ill-advised process, because performed
in the logarithmic domain, it graphically bet-
ter describes the results derived in linear domain
too. In the case of the SDWBApackage20050603,
the variance in TS prediction at 120 kHz is stable
when increasing the number of realisations above
100. For the SDWBApackage2010, the variance
decreases slightly from 100 to 150 realisations
and then stabilises. However, for all the investi-
gated realisation steps, the variance is lower for
the SDWBApackage2010 than the minimum vari-
ance obtained with the SDWBApackage20050603.
Similar behaviour was observed for all the inves-
tigated frequencies. Despite the slight decrease
in variance from 100 to 150 realisations in the
SDWBApackage2010, the number of 100 reali-
sations was considered appropriate for practical
purposes and used for the further analyses. When
running both packages four different times with
100 realisations, the SDWBApackage20050603 TS
variances at 120 kHz had a min—max difference of
0.14 compared to 0.07 of the SDWBApackage2010.
This indicates that the latter package is less varia-
ble not only within a single run but also among dif-
ferent runs. This could be ascribed to the default
standard deviation Sd‘Po for the inter-element sto-
chastic phase which seems more appropriate for the
correct McGehee et al. (1998) modelled krill shape
as claimed by Demer and Conti (2003).

Fatness sensitivity

In Appendix 1, the effect of the girth on the pre-
dicted TS by using both packages at the reference
frequency of 120 kHz is discussed. Figure 3 explic-
itly shows the effect versus the predicted TS fre-
quency response by using the SDWBApackage2010
for the chosen lengths with default settings but
varying the fatness coefficient.

The results demonstrate the strong impact of
the girth on TS magnitude, which may introduce
high uncertainty in scaling acoustic measurements
to estimates of krill biomass. The fatness becomes
particularly important at 200 kHz since the TS
is weaker for high fatness factors as the length
increases. This may influence the analysis of data
acquired during surveys where the TS difference
between 120 and 200 kHz is often used to discrim-
inate between scatterers or size modes within the
same group of organisms.



For AT lengths of 38.35 and 48 mm, weaker TS
at 120 than at 200 kHz is predicted at a low fat-
ness factor, but it becomes stronger as the factor
increases.

Sections 1 and 2 in Table 4 present the predicted
TS levels for both the SDWBApackage20050603
and the SDWBApackage2010. The difference in
TS between the packages decreases with increas-
ing frequency. Generally, it also increases as the
fatness factor increases, except for 38 kHz where it
is stable. However, when comparing the frequency
TS pattern versus angle of incidence, the magni-
tude of the observed differences is reduced as a
consequence of averaging over a range of angles
(see e.g. Figures A3 and A4).

At 120 kHz the difference in TS levels from
low to high fatness factors decreases substan-
tially as the length increases. At 200 kHz, since
the distribution of orientations N[11°,4°] does not
involve incidence angles outside the main lobe,
the weakness in the resampling procedure for the
SDWBApackage20050603, described in Appen-
dix 1, is not evident.

In general, all changes in frequency of the dis-
tinct TS with fatness seem to be activated relative
to the transition region (Rayleigh-Optical regions),
which is strictly related to the size of the animal.
The fat content of the krill varies between individu-
als and times, especially related to the feeding sup-
ply and maturity stage. Thus, when applying the
SDWBA on survey data, knowledge of the girth of
net-sampled krill, in addition to length, may help to
infer a correct parameterisation of the actual shape
and reduce potential sources of high uncertainty. It
is also a question whether the increased fatness fac-
tor should be applied only to those cylinders repre-
senting specific parts of the body where the girth is
more important.

Inferring length-dependent material
property contrasts

When setting the g and / contrasts according
to the Chu and Wiebe (2005) length-dependent
relationships and otherwise default parameteri-
sation, similar trends to those shown in Figure 3
were found, but at different TS levels. Section 3
of Table 4 lists the TS predictions obtained by
using the SDWBApackage2010 run for the chosen

Sensitivity of the SDWBA E. superba TS model

lengths with default setting, but applying the
length-dependent g and / contrasts and varying the
fatness coefficient.

For animals smaller than 48 mm, the TS lev-
els are lower than those obtained with the default
fixed contrasts, with deviations notably higher
for smaller sizes (up to 3.8 dB for animal length
of 26 mm). Generally, this would cause overesti-
mates of the biomass of small krill. Since the krill’s
acoustic material properties have very strong spa-
tial and temporal variability, the need for more
measurements of density and sound-speed con-
trasts at the location and during the season of the
actual survey is clear. Certainly, due to anatomi-
cal differences within the krill body, inhomogenei-
ties in material properties are expected; therefore,
the basic approximation of constant contrasts over
the entire krill body is an initial source of uncer-
tainty. This issue should be further investigated in
the future, since there is a general lack of available
published data.

Effects averaging the distribution of orientation

Figure 4 illustrates the main features observed
exploring the effect on the TS prediction of differ-
ent combinations of mean standard deviation of the
Gaussian distribution of orientation. The results are
related to the application of a 20% fatness factor,
which appears to be more appropriate than 40% to
represent the shape of E. superba in the wild. The
oy patterns were averaged (see Appendix 1) over
different mean (0, 10 and 20 degrees) and standard
deviation (5, 10, 20 and 30 degrees) of the Gaussian
distribution of orientation.

It is observed that when the mean is equal or
close to 0°, the relative differences between fre-
quencies are stable but the TS levels are very sen-
sitive to the standard deviation. As the patterns are
averaged over a broader distribution of tilt angles
(i.e. larger standard deviation) the resulting TS at
all the frequencies are lower.

An inverse behaviour is observed as the mean
goes away from the range of angles where the TS
main lobe is predicted. For the mean close to 10°
(second column panels), the TS levels are less sen-
sitive to the standard deviation and the relative dif-
ferences between frequencies are stable for standard
deviation larger than 10°. For a standard deviation
of 5° (black line), the TS at higher frequencies has a
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distinct response for all the AT krill lengths. While
for standard deviations starting from 20°, the levels
in TS are similar to those obtained with zero mean
for all frequencies. For a mean of 20° (third column
panels), the relative differences between frequen-
cies are not stable when setting different standard
deviations, with a particular response for the lowest
standard deviation (black lines).

In general, for mean orientations ranging from
10° to 20°, the TS levels become stronger as the
standard deviation increases in contrast to the zero
mean orientation. This is still valid for mean ori-
entation values higher than 20° (not shown in
Figure 4). However, with means from 10° to 20°,
the TS is still less sensitive to the standard devia-
tion but the dependence increases with higher mean
values overall if the standard deviation becomes
higher than 15°.

Figure 4 illustrates results for a generic krill
shape with fatness increased by 20%. Setting
other fatness factors, similar reciprocal features
in TS frequency response were observed, apart
from the changes discussed in the fatness sensi-
tivity subsection. Figure 5 shows the predicted
TS frequency response obtained by running the
SDWBApackage2010 with the limits of the fatness
factor set to 0 and 40% and averaging the predicted
03, patterns over the chosen distributions of orienta-
tion other than the default. The effects of the fatness
on the distinct frequency TS trends are highlighted
for the default distribution in Figure 3. They are also
shown in Figure 5 for all three distributions. In par-
ticular, for the distribution N [4°, 2°] at 120 kHz the
change in TS trend with the fatness factor as length
increases is visible for a krill length of 53 mm.
Despite the Chu et al. (1993) N[20°,20°] and the
Lawson et al. (2006) N [0°, 27°] distributions being
markedly different in mean orientation, they are
similar in trends and close in TS. Obviously, when
both mean and standard deviation lie within the
range of the predicted main lobe angles, higher TS
is found at lower frequencies, as for the distribution
N[4°,2°].

The results in Figures 4 and 5 clearly indicate
that knowledge of the orientation angle distribu-
tion of krill during a survey is essential for a proper
application of the SDWBA model. High-quality
observations of orientation in situ are difficult to
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obtain; however, it seems crucial to develop and
routinely apply standard methodologies to measure
this parameter during the survey.

Conclusions

Acoustic TS is a stochastic variable and despite
the effects of its variability being fairly smoothed
when considering integration quantities on large-
scale acoustic surveys, the requirement for a well-
functioning model predictor is necessary. Correct
application of the SDWBA model for krill still
needs accurate characterisation of the many para-
meters. This study demonstrates the implication at
the standard survey frequencies for a range of ani-
mal sizes. Different basic shape parameterisation
and model functions affect the TS predictions.

Firstly, although the high level and the elegance
of the SDWBApackage20050603 implementation
endorsed by CCAMLR to predict the TS for the
E. superba was recognised, a number of incongrui-
ties have been identified, both in parameter settings
and choice of processes. The comparison between
the predicted levels of scattering obtained from the
current package and from the proposed solutions
indicates that the differences are in general not neg-
ligible and addressed to investigate the sensitivity
of the SDWBA model of some important para-
meters in general. For the default setting at the ref-
erence frequency 120 kHz the TS peak of the main
lobe of the improved package is 1.3 dB stronger.
However, results have to be interpreted with con-
sideration of the level of accuracy required from a
model predictor within the entire process of acous-
tic krill biomass estimation.

Together with the well-known krill TS model
problem due to the correct values of the material
properties, this study highlights the strong impact
of length—girth ratio parameterisation for the krill
shape in the SDWBA model. It has been shown how
this source of uncertainty may potentially affect the
TS patterns and the analysis in a multifrequency
context, reflecting both the process of acoustical
to biological conversion and scrutinising krill from
other scatterers. It is also a question whether the
currently applied parameterisation is biologically
realistic. While the material properties contrasts
mostly influence the magnitude of the predicted TS
levels, the shape parameters delineate the trend in
frequency response by shifting the transition region
along the frequency range; hence, they indirectly
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affect the relative differences between frequencies
of the integration quantities which are quantita-
tively used to estimate the krill biomass.

When applying the SDWBA to acoustic survey
data, the model should be parameterised according
to the potential seasonal variability of krill present
in the study area. In accordance with several other
studies and reports, the need to perform accurate
measurements of density and sound-speed con-
trasts and tilt angle, possibly during krill acoustic
surveys, is highlighted here. In addition, this study
showed that a standard definition of the girth meas-
ure to be carried out on net-sampled krill associated
with the length measurements is warranted.

It has been shown that the results from the
SDWBA model depend strongly on the standard
deviation of tilt angle distributions. It is strongly
suggested that standard methodologies for meas-
urement of this parameter should be developed and
routinely applied during surveys.

Since there is high variability in the output with
small changes in single parameters, application
of the SDWBA model in automatic system using
inversion method techniques should be imple-
mented with care.
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McGehee et al. shape
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Figure 1: [lustration of the SDWBApackage20050603 shape and the original McGehee et al. (1998) shape (see
Table Al), parameterised with 0 and 40% increase in fatness, modelled to determine the SDWBA TS
prediction of Euphausia superba with standard AT length of 38.35 mm.
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Figure 2: Variance in dB of the averaged TS pattern versus number of stochastic realisations for the
SDWBApackage20050603 (dot-dashed line) and the SDWBApackage2010 (dot-solid line)
predictions at 120 kHz. All parameters were set with default values as listed in Table 1.
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obtained by averaging o, patterns over 100 realisations of the random phase and computed over the
distribution of orientations 6 = N[11°,4°]. All other parameters were set with default values (Table 1). Note
that the 38 mm length is actually referring to the AT standard length of 38.35 mm.
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Predicted SDWBApackage2010 TS frequency response (dB re 1 m?) by using the five common survey
frequencies for krill with different AT lengths (L) increased by 20% in fatness and averaging the o, patterns over
different means (column panels) and standard deviations (5, 10, 20 and 30 degrees, from dark to light) of the
Gaussian distribution of orientation. All other parameters were set as default according to Table 1. The 38 mm
length refers to the AT standard length of 38.35 mm.
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Figure 5: Predicted SDWBApackage2010 TS frequency response (dB re 1 m?) by using the five common survey
frequencies for krill with different AT lengths (L in different panels) with 0 to 40% increases in fatness (grey
lines) and averaging the o, patterns over three distributions of orientation: the Chu et al. (1993) distribution
N[20°,20°] (circle), the second distribution proposed by Conti and Demer (2006) N[4°,2°] (squared) and
the Lawson et al. (2006) distribution N[0°,27°] (triangle). All other parameters were set with default values
(Table 1). The 38 mm length refers to the AT standard length of 38.35 mm.
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Appendix 1
CORRECTIONS TO THE SDWBA MODEL PACKAGE ENDORSED BY CCAMLR

The SDWBA model package endorsed by CCAMLR to predict target strength (TS) from Antarctic krill
(Euphausia superba) is the SDWBApackage20050603 implemented by Dr S. Conti and distributed by
Dr D. Demer (USA) to CCAMLR Members after the 2005 SG-ASAM meeting. The package comprises a
number of Matlab scripts and estimates the TS for a krill with arbitrary length over a given range of angles
of incidence. Formally, the algorithm follows that presented in McGehee et al. (1998, Appendix A), but
includes the phase variability realisations to take into account the stochastic nature of the scattering process
(Demer and Conti, 2003) and a resampling process on the shape describing the krill body (Conti and Demer,
2006) as indicated by equations (4).

In addition, the package can average the TS over a given distribution of orientation versus frequency and
determine coefficients of a polynomial representation of that function, the so-called ‘simplified SDWBA’.
The examination of these implementations was not the scope of this study.

The package comprises one main script and eight functions. The main script ‘ProcessKrill
EsupSDWBATS.m’ provides two processing options: calculate the TS or average the TS over a distribution
of orientation. In the first case, the parameters of the model can be changed from the default values (Table 1).
When all parameters are chosen, for each of the stochastic realisations the script determines the frequency
function of TS over the given range of angle orientation by using the functions ‘BSTS SDWBA.m’ and
‘DWBA _integrandBS.m’. In contrast with the algorithm presented by McGehee et al. (1998), the BSTS _
SDWBA.m calculates the backscattering TS using the angle of incidence ¢ as azimuth. This is done on the
basis of f(¢) and El definitions in equation (1) and calculating the TS for the angle of orientation 6 (= 90 + ¢)
after a proper conversion of 121 (line 95) and calculation of B, (line 107). As a result, when the body digi-
talisation is performed on a ‘head left view’ image and the model processing starts from the cylinder repre-
senting the telson, the dorsal aspect of the animal corresponds to a 90° incident angle while the McGehee
et al. (1998) implementation used 270°.

The SDWBApackage20050603 was verified with regard to the basic parameters and algorithmic solu-
tions. The examination revealed three main incongruities: (i) incorrect position vector F,,; and ensemble
of radii a values delineating the shape of the standard generic krill as defined by McGehee et al. (1998);
(i1) incorrect reference length applied when scaling krill with lengths different from the basic krill AT length
Ly =38.35 mm; (iii) inappropriate resampling function of the position vector Fpos adopted for frequencies
higher than the reference f, = 120 kHz. All incongruities were resolved by some changes within the existing
model framework to realise an improved package used in this study (the SDWBApackage2010).

Shape of the generic Euphausia superba

The position vector Fpos and the ensemble of radii a delineating the shape of the standard generic krill as
defined by McGehee et al. (1998) were incorrectly introduced in the SDWBApackage20050603. This seems
to originate from a misunderstanding of the measured 38.35 mm AT length (denoted ‘L’ in SC-CAMLR
(2005), paragraph 11(i)), with the maximum digitised values in the x-dimension of the Fpos vector, i.e. the
digitised length equal to 41.09 mm (‘I” in SC-CAMLR (2005), paragraph 11(ii)). The digitised shape com-
prises the different body parts which contribute to the scattering, whereas the AT length omits the part from
the front of the eye to the joint where the peduncle of the first antenna ends. The digitised length and not
the AT length should define the dimension of the juxtaposed cylinders used in the model, however, the
SDWBApackage20050603 appears to scale the shape to reach the maximum x-dimension value equal to the
AT length. The difference in shape is clear when comparing Figure 7 in McGehee et al. (1998) and Figure 1
in Conti and Demer (2006) (note that the two figures have different projection plans). The 15 positions and
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Table Al: The positions (x, y and z) and the radii () values in mm delineating the krill
shape adopted by the SDWBApackage20050603, and those presented in
McGehee et al. (1998, Table 3) as generic shape for an Euphausia superba
of 38.35 mm AT measured length.

Point SDWBApackage20050603 McGehee et al. (1998)
X y z a X y z a

1 38.3500 0 0 0 41.0898 0 0 0
2 36.8563 0.9149 0 0.2147 39.4844 0.9869 0 0.2332
3 34.0464 1.7924 0 0.6525 36.4767 1.9244 0 0.6996
4 29.4160 2.4552 0 1.1296 31.5116 2.6381 0 1.2174
5 26.6247 2.4365 0 1.3537 28.5230 2.6165 0 1.4550
6 23.5253 2.4552 0 1.4470 25.2043 2.6375 0 1.5557
7 20.6967 2.3059 0 1.5964 22.1774 2.4691 0 1.7105
8 17.7000 2.2498 0 1.5497 18.9680 2.4145 0 1.6630
9 15.1888 2.0538 0 1.6524 16.2722 2.2034 0 1.7714
10 12.8456 1.8484 0 1.9044 13.7607 1.9890 0 2.0400
11 10.5304 1.6897 0 1.7551 11.2867 1.8110 0 1.8838
12 8.4672 1.6897 0 1.6524 9.0740 1.8127 0 1.7703
13 6.6468 2.0631 0 1.3816 7.1265 2.2155 0 1.4823
14 2.9687 2.4739 0 1.1016 3.1881 2.6530 0 1.1851
15 0 3.5568 0 0.5508 0 3.8150 0 0.5946

—65 T T T

TS (dB)

|
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@?wWMM%M@W”WW

-90 1 | 1
0 90 180 270 360
Angle of incidence (degrees)

Figure Al:  Predicted SDWBApackage20050603 (dashed lines) and SDWBApackage2010 (solid lines)
120 kHz TS patterns (dB re 1 m?) versus angle of incidence for a krill with AT standard length of
38.35 mm with 0% (grey lines) and 40% (black lines) increased fatness. All the other parameters
were set as default according to Table 1.
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radii values delineating the shape used in the SDWBApackage20050603 and the original McGehee et al.
(1998) shape are listed in Table A1; the difference in length is 7%. The SDWBApackage2010 correctly uses
the McGehee et al. (1998) values.

In the comparison of TS predictions between the two packages for the reference frequency 120 kHz and
standard settings, the SDWBApackage2010 estimates higher TS at all angles of incidence (Figure A1). This
was expected since a shape with longer digitised length is used. The peaks of the first main lobe for 0 and
40% increased fatness were 1.32 and 0.8 dB higher for the SDWBApackage2010 (—68.1 and —65.51 dB
versus —09.42 and —66.31 dB). The high relevance of the fatness coefficient for TS prediction in both pack-
ages is also evident in both the peak TS levels of the main lobes and the levels and behaviour outside the
main lobes. The peak at broadside incidence increases by 3.1 dB for the SDWBApackage20050603 and
2.6 dB for the SDWBApackage2010 when increasing the fatness from 0 to 40%. Outside the main lobes,
the pattern assumes a ‘parabolic’ trend with higher levels around 180° as the fatness increases.

Scaling factor

The SDWBApackage20050603 adopts a scaling process over the standard shape if an AT length other
than 38.35 mm is applied as input. The scaling factor is determined using the maximum in the x-dimension
of the digitised shape as reference, i.e. the digitised length, rather than the measured AT length, (script
‘ProcessKrillEsupSDWBATS.m’, line 76). Since the digitised and measured lengths are implemented as
equal values in the SDWBApackage20050603, an animal with measured AT length of 38.35 mm would
be scaled with a factor equal to 1 (i.e. no scaling but erroneous digitised shape). If the shape is replaced
by the original McGehee et al. (1998), the same measured length input (input variable ‘ActualLength’ =
38.35:107 m) will be scaled according to a digitised length of 41.09 mm (Table A1) applying a scaling
factor of 1.0714, hence reducing the correct McGehee et al. (1998) shape by 6.7% in length. Since the AT
length and the McGehee et al. (1998) shape have been endorsed by CCAMLR as standard, the scaling fac-
tor should refer to the basic length L. After the introduction of the correct McGehee et al. (1998) shape, the
misconstruction can be solved by calculating the scaling factor based on the standard length 38.35-1073 m,
and line 76 in the script ‘ProcessKrillEsupSDWBATS.m’ should be revised as:

scaling = 38.35-1e—3/ActualLength (A1)

Definition (A1) was imposed in the SDWBApackage2010 for this study. It is applicable when the
McGehee et al. (1998) shape is used as a basic reference. If another shape is used as reference, the numera-
tor of the definition (A1) has to be substituted by the measured AT length L of the digitised animal.

Resampling process

With the parameterisation given in Conti and Demer (2006), equations (4) have to be formally applied for
frequencies higher than the reference f, = 120 kHz. Within the SDWBApackage20050603, the first of equa-
tions (4) is achieved by determining new values for the reference Fpos vector and radii through a resampling
process using the MatLab Signal Processing Toolbox function ‘resample.m’ (script ‘BSTS SDWBA.m’,
lines 67-92). The function uses a polyphase implementation and applies a low-pass anti-aliasing Finite
Impulse Response filter (least square linear-phase FIR) to re-characterise the shape through N( £, L)+1 posi-
tion points and radii. The chosen resampling function generates points that do not lie along the original
central body line of the digitised krill. This results in artefacts of the modelled shape. Figure A2 shows the
25 points in the x-y plane required to satisfy the first of equations (4) at 200 kHz resulting from the resam-
pling process performed over the 15 reference Fpos points representing the SDWBApackage20050603 shape
(first two columns in Table A1). The resampled length is greater than the reference length of 38.35 mm
whereas these lengths should be equal. The second point of the resampled ¥, has coordinates [x = 42.03,
y = 0.49] and the last point [x = —0.21, y = 2.32]. When the McGehee et al. (1998) shape with digitised
length of 41.09 mm is resampled, the points are [x =45.03, y = 0.53] and [x =-0.23, y = 3.50] respectively.
The consequence of the deviation from the centreline is a shape partly composed of cylinders orientated
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Figure A2:  x-y plane body central line of the generic krill shape proposed by McGehee et al. (1998) with standard AT
length of 38.35 mm before (black colour line and 15 dots) and after (grey dashed line and 25 open circles) the
SDWBApackage20050603 resampling process that generates the shape with 24 cylinders at 200 kHz.

(a) Original shape

(b) SDWBA package

(c) Simple spline resampling

(d) New resampling
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Figure A3:  Modelled McGehee et al. (1998) krill shape composed of 14 cylinders with 40% increase in fatness (a) after
different resampling processes at frequency 200 kHz (24 cylinders); (b) the SDWBApackage20050603 resampled
shape; (c) the simple spline resampled shape proposed in SC-CAMLR (2010); (d) the shape resulting from the
proposed resampling and implemented in the SDWBApackage2010.

with unnatural directions. Since the applied resample function is deterministic, krill with a length different
from the standard 38.35 mm will have a form that is identical to that unnatural shape, with just the scaling
being different. This is also the case for the correct McGehee et al. (1998) shape as illustrated in Figure A3.

As a first approximation, the application of a cubic spline interpolation on the position vector, retain-
ing the resample.m function for the radii values, was suggested to provide an improved characterisation of
krill shape (SC-CAMLR, 2010). However, since all the cylinders comprising the shape have almost equal
length (Figure A3 plot (c)), the original shape is not fully preserved, as required for a correct compari-
son of the TS versus frequency results (SC-CAMLR, 2005; Conti and Demer, 2006). Hence, an improved
resampling procedure was implemented in the SDWBApackage2010 via the following steps: a uniformly
spaced sequence of N + 1 points, with N calculated by the first of equations (4), along the digitised length
in the x-dimension (from the tale to the head) is generated. Then, each of the generated x-points is replaced
by the nearest of the 15 x-values composing the reference generic shape. For each of the 14 generic shape
x-intervals the values of the obtained sequence lying within its x-interval are shifted to be equally spaced
with respect to the related limits (the original x-values shape). In this way, an x-dimension decreasing
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sequence composed of the shifted points and the original shape x-values is obtained. The y-values relative
to the new x-sequence is estimated by cubic spline interpolation, so that the x-y points lie along the cen-
treline. Finally, for each point position the associated ray is set equal to that of the original cylinder where
the point lies. With such a process, the original shape is perfectly preserved in all its elements, the required
number of cylinders is achieved and each cylinder comprising the original shape is subdivided in almost
equal parts. Plot (d) in Figure A3 shows the result obtained for the 200 kHz frequency. It can be noted that
some of the original cylinders remained unaltered after the resampling, compromising the dimensional
requirement between the spatial resolution and the wavelength of the acoustic wave. This happens when
no x-value of the initial equally spaced sequence lies within the original x-interval of the unaltered cyl-
inder. However, this artefact vanishes as the frequency increases because the distance between the values
of the uniformly spaced sequence decreases and all of the original cylinders have points lying within their
x-interval limits. It has been verified that for the McGehee et al. (1998) shape this happens at the frequency
of 270 kHz, where 32 cylinders are required by the first of equations (4) and the uniformly spaced sequence
is generated by using 1.28 mm step intervals.

Moreover, the proposed resampling might activate the facet effect at the transitions between cylinders of
different radii. If this happens, it is more likely to be important at higher frequencies where the wave lengths
are smaller than the jump in radius. It is difficult to evaluate this bias but it is reasonable to assume that it is
reduced when averaging over a distribution of angle of orientation and/or length.

The new resampling process is validated by calculating the volume of the resulting shapes. The
resampled shape has the same volume in cm? as the original shape, independent of the frequency, while
the SDWBApackage20050603 resampled shape and the simple cubic spline shape volumes vary with fre-
quency. For the McGehee et al. (1998) shape with 40% increase in fatness, the SDWBApackage20050603
increases the volume at frequencies up to 400 kHz and then becomes almost stable, while in the cubic
spline process the volume decreases almost linearly as the frequency increases. For instance, the shapes
for 200 kHz in Figure A3 plots (a) to (d) have volumes of 0.536, 0.543, 0.533 and 0.536 cm? respectively.

Figure A4 shows the predicted 200 and 333 kHz TS patterns versus angle of incidence for a krill with
default AT standard length of 38.35 mm and different fatness factors for both the packages. By using equa-
tions (4), the number of cylinders was determined as 24 and 39 and the sd of the inter-element phase vari-
ability as 0.41248 and 0.25383 radians for 200 and 333 kHz respectively. The dashed lines in the upper
panels represent the patterns obtained at 200 kHz without any resampling (i.e. no application of equa-
tions 4) to confirm the need of the process for the default digitised shape at frequencies above 120 kHz. It
is firstly observed that the SDWBApackage2010 removes the high TS levels at incidence angles just out-
side the main scattering lobes as predicted by the SDWBApackage20050603. At 200 kHz, the outside main
lobe pattern assumes a ‘parabolic’ trend with peak TS level close to the values of the nearly stable plateau
obtained with the SDWBApackage20050603. The plateau with relatively strong and realistically stable TS
levels at incidence angles of about 140°-215°, 0°-39°, 320°-360° (Figure A4, upper left panel) may be
the effect of the inappropriate resampling process which causes artefacts in the modelled shape of a krill
(Figure A3, plot (b)). Conti and Demer (2006) claimed that the obtained frequency-independent plateau was
the effect of the corrected adjustment of sd,,. However, the pattern outside the main scattering lobes for the
SDWBApackage20050603 at 333 kHz does not show a stable plateau but distinctly variable TS levels. On
the contrary, a plateau appears in the pattern obtained with the SDWBApackage2010, validating the new
resampling process. The parabolic trend at 200 kHz in the upper left panel of Figure A4 may be ascribed
to the original cylinders that remain unaltered after the resampling (Figure A3, plot (d)) and dominate the
scattering process at such angles of incidence. Also for the frequencies 200 and 333 kHz, the influence of
the fatness factor on the TS levels is relevant, but with different effects on the main lobe peak than for the
reference frequency, especially at 200 kHz. The predictions outside the main scattering lobes follow the
expected relative levels, i.e. stronger for higher fatness factor, while within the main lobe an opposite trend
is observed. The predicted main lobe peaks at 200 kHz with increased fatness of 0, 20 and 40% are —66,
—67.5 and —71 dB respectively for the SDWBApackage20050603 and —65.9, —68.5 and —71.8 (at 98°) for
the SDWBApackage2010. The differences in TS levels between the packages over the main lobe are less
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pronounced for 200 and 333 kHz than for 120 kHz (Figure A1). However, this is not unexpected since the
size of the resampled shape is scaled up within the SDWBApackage20050603, reducing the difference in
length between the modelled shapes of the packages (Figure A3).

At the end of the TS calculation process, the setting parameters are saved as numbered .mat files in a
folder called ‘dataSDWBA’ (lines 91-94). Further, the mean of the frequency backscattering cross-section
for each of the defined angles of orientation over the number of realisations is determined, and consequently
the backscattering TS(f) by equation (3). These results are saved in a .mat file under a specified filename and
folder to be used for the orientation distribution averaging process.

Auxiliary processes within SDWBApackage20050603
Averaging TS over a distribution of orientation

When the second option of the script ‘ProcessKrillEsupSDWBATS.m’ is chosen, the backscattering
cross sections are averaged over a defined Gaussian distribution of orientations 6, = N[@O,std 90] for each
frequency. The script firstly executes this operation running the function ‘GaussianOrientation.m’ which
defines a wrap (the package variable called ‘orientation’) around the Gaussian distribution for the range of
orientations 0; previously set whereas the backscattering cross sections were calculated:

A
Z A-mean(AD;)

orientation =

(0. —0.)\2 _ o A2 @ _ Ry
with 4 =exp — ;= 8)" + exp (0; +360—06,) + exp (6, —360—16)
2 2 2
(std6)’ (51d6;)* (std®,)*

then, by running the function ‘AverageTSorientation.m’ to determine the set of 6, versus frequency as:

o, ()= Zcbs[ (f)- orientation-mean(AD;) (A1)

After averaging over a defined distribution of orientations, a .mat file is saved with a specified orienta-
tion filename, including the results and the characteristics of the used distribution.

Simplified SDWBA

Demer and Conti (2005) indicated that the SDWBA TS prediction over a definite distribution of orienta-
tions can be simplified as a function of the product of the acoustic wave number & and the mean length L of
the animals under investigation. The function TS(kL) can be concisely expressed by a polynomial represen-
tation with coefficients estimated over the specific animal orientation distribution. The polynomial order is
arbitrary; however, Demer and Conti (2005) stated that a sixth-order polynomial is enough for the purpose
and expressed the relationship in the form:

C
TS(kL) = A[%] +D(KL)® + E(kL)® + F(KL)* +

+G(kLY’ +H(KL)* + (kL) + J+20-logy, [Li]

0). (A2)
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The SDWBApackage20050603 uses the sixth order as default; however, different orders can be set. The
determination of the coefficients and a graphical visualisation of the simplified TS versus frequency are
directly obtained by choosing the second option of the main script ‘ProcessKrillEsupSDWBATS.m’.

The first term of equation (A2) reflects the non-linear behaviour of the prediction and is found by esti-
mating the three coefficients (4, B and C) of a non-linear regression using a least-square Gauss-Newton esti-
mation approach through the Matlab function ‘nlinfit.m’ (script ‘SDWBATSfunctioncoeff.m’, lines 22-26).
A fourth coefficient is also estimated; it is used to determine the coefficient J in equation (A2) by sum-
ming it with the last of the seven coefficients found by a polynomial curve fitting to the TS predictions in
the least-squares sense (script ‘SDWBATSfunctioncoeff.m’, lines 30—32). The other six polynomial coeffi-
cients estimated by the fitting are the function coefficients from D to / in equation (A2). The last term is for
an animal with AT standard length other than the reference Ly = 38.35 mm.

As output, the script ‘SDWBATSfunctioncoeff.m’ also provides an estimation of the TS error between
the simplified model and the SDWBA TS vector versus original kL values. This is firstly calculated in
the linear domain and then converted to the dB domain (lines 33—41). The mean error can be reduced by
increasing the order of the polynomial representation (c.f. Conti and Demer, 2006).

In both SC-CAMLR (2005) and Conti and Demer (2006), the coefficients of the simplified SDWBA
model for the reference length L, = 38.35 mm averaged over the default distribution orientations N[11°,4°]
were presented. The necessary imaginary parts of the coefficients 4, B and C were not included. They can be
found in SC-CAMLR (2009, Table 3.1). Also, these imaginary parts do not appear when the coefficients are
shown up in the Matlab Command Window during the processing of the ‘ProcessKrillEsupSDWBATS.m’.
However they are preserved in the variable named ‘A’ within the Matlab session.
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